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The present paper is a numerical and experimental comparative study of hermetic and semi-hermetic reciprocating 
compressors working with carbon dioxide as fluid refrigerant against the conventional R134a hermetic compressors.  
 
When cooling conditions for one-stage compressor type (i.e., evaporation temperatures between 7.2ºC and –10ºC) 
have been considered, the numerical and experimental results obtained have shown a reasonable good agreement, 
while the comparative global values have indicated very similar efficiencies between the carbon dioxide compressor 
and the conventional ones. In all these cases the CO2 semi-hermetic compressor presents higher mass flow rate and 
better efficiency than the CO2 hermetic compressor.  
 
However, when freezing conditions are analysed (i.e., evaporation temperature between –10ºC and –40ºC) the one-
stage CO2 compressor shows lower COPs in comparison with R134a conventional compressor. In these cases a 
numerical study of the availability of two-stage semi-hermetic reciprocating compressors is presented in order to 





Refrigerating systems are mostly based on cycles using H(C)FCs fluids. The Montreal protocol (UNEP, 1987) 
stipulated the phasing out of H(C)FCs as refrigerants that deplete the ozone layer (ODP), while the Kyoto protocol 
(UNFCCC, 1997) encouraged promotion of policies for sustainable development and reduction of global warming 
potential (GWP). The EU obliges to reduce the greenhouse gases emission by 8% in 2010, following international 
Kyoto protocol. Thus, investigation and use of new and natural refrigerants is an important goal. During the last 
decade, the investigation indicates that carbon dioxide has an important interest as a natural fluid refrigerant. The 
use of CO2 is the only refrigerant replacement with the security of not being harmful to the environment, non-toxic 
and non-flammable. 
 
During the last decade, the investigation indicates that the use of carbon dioxide has an important interest as a 
natural fluid refrigerant (Lorentzen, 1994), (Jakobsen, 1998), (Kruse, 1999) and (Fleming, 2003). After 1992 the use 
of trans-critical carbon dioxide cycles as a ‘natural’ heating and cooling alternative systems have had a revival. 
During last two years, it has been an important increase of reviews (Kim, 2004), seminars (Seminario Europeo sugli 
impianti a CO2, 2005) and special issue journals (IJR, 2005) about fundamental process and system design issues in 
carbon dioxide systems, where the important trends in CO2 technology in refrigeration, air-conditioning and heat 
pumps applications are provided. 
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The possibilities that one-stage hermetic reciprocating compressors offer for commercial refrigeration applications 
of small cooling capacity (i.e. vending machines, display cabinets, etc.) using carbon dioxide as fluid refrigerant 
under trans-critical cycle conditions have been previously demonstrated (Rigola, 2005). In these cases the 
evaporation temperature ranges around –10.0ºC for cooling capacities of 600W approximately. The results along 
this range have shown promising perspectives although with the necessity of more efforts. The present paper 
presents an improved hermetic reciprocating compressor than (Rigola, 2005) and a new version of semi-hermetic 
reciprocating compressor, both studied numerically and compared experimentally. This last one presents an almost 
comparable COP between the conventional R134a sub-critical and the new carbon dioxide trans-critical refrigeration 
systems design when cooling conditions are considered. 
 
Unfortunately, the efficiencies obtained when freezing conditions (from –23.3ºC to –35ºC of evaporation 
temperature) are taken into account decreases against the conventional R134a system. In this case, an alternative 
presented, is the use of two-stage semi-hermetic reciprocating compressor, passing the mass flow through two 
compression chambers in series with the possibility to reduce the motor size. The present paper have also  evaluated 
numerically these cases, showing  the possibility to obtain comparable or even better COP against the conventional 
R134a sub-critical cycle for freezing applications. 
 
In the field of two-stage reciprocating compressors, only (Neksa, 2000) presented a semi-hermetic reciprocating 
compressor type in the refrigeration and freezing fields, although for medium and high cooling capacity ranges with 
compression volumes from 15 to 60 cc. No works have been found considering a two-stage semi-hermetic 
reciprocating compressor for freezing applications and small/medium cooling capacities. In the same way,  
(Yamasaki, 2004) presented a comparable work in the refrigeration and freezing fields with a comparable 
compression chambers displacement of 1.28 and 0.83 cc for first and second stages respectively although 
considering a rolling piston type instead of reciprocating ones. 
 
In conclusion, the present paper aims with the idea to present the last news on one-stage hermetic and semi-hermetic 
carbon dioxide compressors numerically compared and experimentally validated for small cooling applications with 
almost comparable COP against R134a sub-critical conventional systems, together with a numerical study of two-
stage semi-hermetic CO2 reciprocating compressors in order to show the availability of these ones for small freezing 
applications with similar or even better COP than R134a conventional sub-critical cycles. 
 
2. NUMERICAL SIMULATION MODEL OF RECIPROCATING COMPRESSORS 
 
The numerical simulation model of hermetic reciprocating compressors (Pérez-Segarra, 2003), used to obtain the 
numerical results presented, is based on the division of the whole domain (tubes and chambers where the gas is 
flowing, shell, crankcase, oil, etc.) into strategic control volumes (CVs). The chambers and the shell constitute 
single CVs, the rest of the parts can be divided into an arbitrary number of CVs. For each CV a set of algebraic 
equations is obtained by means of the integration of the conservation governing equations (continuity, momentum, 
and energy), in a one dimensional and transient form. For the fluid flow, pressure, temperature, and density are 
obtained at the centre of each CV from the continuity equation, energy equation, and state equation, respectively. 
Velocities are determined from the momentum equation at the faces of the main CV using a staggered grid. This 
procedure allows the evaluation of elements such as resonators, parallel paths, etc. For any of the CVs in which the 
refrigerant is flowing, the general governing equations can be written in terms of the local averaged fluid variables, 
neglecting body forces, and both axial shear stresses and axial heat conduction, in the following form:  
 ∑ ∑ =−+∂
∂ 0io mmt
m
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Momentum eq. (2) is specifically characterized when the fluid refrigerant is flowing through sudden enlargements or 
contractions (contract coefficient), through valves (effective force and flow area), or between piston and cylinder 
(leakage). The governing equations of the flow are discretised by means of an implicit control volume formulation, 
the convective terms are numerically approximated using the first order upwind numerical scheme, while transient 
terms allow numerical approximation using second and third order numerical schemes. The effective flow area is 
evaluated together with momentum equation considering a multidimensional model based on modal analysis of 
fluid–solid interaction through the valves. The equation to obtain the valve position is iteratively solved using a fully 
implicit first order Heun method.  
 
The instantaneous compression chamber volume is evaluated at each time-step, depending on instantaneous piston 
position, which is obtained from the force balance among gas pressure in the compression chamber, electrical motor 
torque and crankshaft connecting rod mechanical system. The resulting algebraic system of equations is solved 
using a standard direct lower–upper decomposition (LU) method. The solid thermal behaviour is based on heat 
global balances for each one of the macro-volumes considered. The discretised set of energy equations for the solid 
elements and oil is linearised and directly solved by an inverse matrix system LU resolution. The following fully 
implicit discretised energy equation can be applied, considering convection between solid k and fluid i: 
 


























11 )( &&ρ ∑  (4) 
 
The initial conditions are the gas flow pressure, velocity, and temperature distribution along all compressor CVs, 
together with both solid elements and oil temperatures. The inlet time-average gas pressure and temperature, and the 
outlet time-average gas pressure, must be specified at each time step as boundary conditions. The whole set of 
discretised equations of the fluid flow are iteratively solved at each time-step, by means of a segregated algorithm. A 
simple-like algorithm, extended to compressible flow, has been used to solve the fluid flow equations. 
 
The complete set of discretised momentum, energy and pressure correction equations in the whole compressor 
domain is solved at each time step by the Gauss-Seidel plus TDMA method. Parallel circuit and extra elements 
(such us double orifices, resonators, parallel paths, etc.) are considered in the formulation. The instantaneous valve 
position and compression chamber volume at each time-step considered are necessary to solve the momentum 
equation. Solid walls and oil temperatures can be evaluated using the same gas flow time-steps, although this is not 
necessary due to the large differences on time scales of these phenomena. The process runs step by step in the time 
direction giving the transitory evolution of the different variables. For each time-step, several iterations have to be 
carried out until convergence is reached. After a complete cycle is run, solid wall and oil temperatures are updated. 
It is worthwhile to mention that, when the motor torque balance is implemented, real mean frequency is not an input 
data but an output data of the model. 
 
The present numerical simulation model has also been extensively validated (Rigola, 2003)(Rigola, 2004) for a 
range of compressor capacities (between 7.5 and 16 cc), at various compression ratios (evaporation temperatures 
from -35 to 7.2ºC), and working with several refrigerant fluids (R134a, R600a or R404A). 
 
3. EXPERIMENTAL SET-UP DESCRIPTION FOR ONE-STAGE COMPRESSORS 
 
An experimental set-up has been specially designed to evaluate the thermal and fluid dynamic behaviour of carbon 
dioxide trans-critical cycles and to validate the numerical simulation results of the one-stage reciprocating 
compressors. The experimental unit is made up of the following elements: a one stage carbon dioxide compressor 
prototype, dual heat transfer coil gas cooler and evaporator together with a metering valve. The auxiliary fluid used 
in the gas cooler and the evaporator annuli is water. Two thermostatic heating and cooling units control the inlet 
auxiliary water temperature in the condenser and evaporator auxiliary circuits, respectively. The volumetric flow in 
these secondary circuits is controlled by two modulating solenoid valves and measured by means of two magnetic 
flow-meters, with an accuracy of ± 0.01 l/min. from 0 to 2.5 l/min., and ± 0.5 % F.S. from 2.5 l/min. to 25 l/min. 
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The results shown in the present paper are divided in three main subsections. The first subsection is a global 
comparative study or experimental validation of the numerical simulation model for a GLY80 conventional sub-
critical hermetic reciprocating compressor working with R134a as fluid refrigerant and two versions of one-stage 
carbon dioxide hermetic reciprocating compressor HCL15(1) and (2). After the extended validation, the second 
subsection is a global experimental comparative study between the GLY80 conventional compressor for small 
cooling applications against both last improved versions of HCL15(2) and SHCL15(2), last prototypes of hermetic 
and semi-hermetic compressors, respectively. Finally, the third subsection is a numerical study of the improvements 
obtained when one-stage carbon dioxide compressor is numerically adapted to a two-stage compressor for small 
freezing applications. These last numerical results are obtained using the numerical simulation tool of section 2 
considering a hermetic compressor, although the experimental prototypes can be designed as semi-hermetic type. 
 
4.1 Global numerical comparison and experimental validation 
All compressors presented below have been numerically evaluated with the numerical simulation model of section 
2. The conventional compressor has been experimentally tested in a calorimeter set-up, while the carbon dioxide 
compressors have been validated in the specific experimental unit of section 3, specially designed and built to 
analyse high-pressure single stage vapour compression trans-critical refrigerating equipments.  
 
Figure 1 shows the numerical and experimental comparison of mass flow rate, power consumption and COP of the 
conventional R134a compressor (GLY80) and the one-stage hermetic reciprocating compressors (HCL15(1) and 
HCL15(2)). A description of the compressors geometry presented is detailed in (Rigola, 2005). The comparative 
results of the carbon dioxide trans-critical cycle are presented under different evaporation temperatures, with an inlet 
fluid compressor and outlet gas cooler temperatures of 32ºC and a gas cooler pressure of 85 bars, in all cases.  
 
 























































































Figure 1. Numerical and experimental comparative results of mass flow rate, power consumption an COP for 
different conventional compressors and CO2 prototypes at different working conditions. 
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The results of Table 1 show the reasonable good agreement between the experimental data and the numerical ones. 
Differences on mass flow rate are lower than 6%, while differences on power consumption are lower than 4% in all 
studied cases. The main differences take place on COP, with a maximum of 10% and lower of 8% in the majority of 
the studied cases.  
 
4.2 Experimental comparative analysis between one-stage CO2 compressors 
Once different carbon dioxide hermetic reciprocating compressors have been numerically analysed and optimised, 
built and experimentally tested, semi-hermetic reciprocating compressors have been build following the same 
strategy, taking the advantage to design a direct solution and a cylinder head in contact with the ambient. Both 
changes and some news improvements on geometry after the first SHCL15(1) version have allowed to obtain this 
second and improved SHCL15(2) semi-hermetic compressor described on (Raush, 2005) with some minor changes. 
 
Table 1 shows the experimental global comparative results between the hermetic HCL15(2) and semi-hermetic 
SHCL15(2) carbon dioxide compressors working in the trans-critical set-up cycle described on section 3 under the 
conditions of subsection 4.1, against R134a commercial ACC hermetic reciprocating compressor working in a sub-
critical conventional cycle following ISO 917, under the working conditions of inlet compressor temperature 35ºC, 
condenser temperature 55ºC and outlet fluid temperature 46ºC. 
 
Table 1: Global experimental comparative results of  
a conventional R134a compressor vs. hermetic and semi-hermetic carbon dioxide compressors. 
 evapT  m&  vη  eW
&
 smeη  evapQ
&
 COP  
 (C) (kg/h) (%) (W) (%) (W)  
GLY80 -10.0 8.13 67.1 222.3 55.4 375.0 1.687 
HCL15(2) -10.0 8.45 59,0 333,8 53,0 463,8 1.389 
SHCL15(2) -10.0 9.72 67.8 368.8 55.1 533.5 1.447 
GLY80 0.0 13.02 72.3 273.0 57.6 594.5 2.178 
HCL15(2) 0.0 13.07 66,1 353,5 59,1 681,2 1.927 
SHCL15(2) 0.0 15.13 76,5 374,4 64,6 788,6 2.106 
GLY80 7.2 17.42 73.9 310.7 56.6 788.2 2.537 
HCL15(2) 7.2 17.01 66,7 365,2 61,1 841,6 2.313 
SHCL15(2) 7.2 19.50 76,6 353,6 72,4 964,8 2.728 
 
The results of Table 2 indicate that hermetic and semi-hermetic improved carbon dioxide compressor prototypes of 
1.5 cc are able to produce a cooling capacity of 400, 600 and 800 W at –10, 0 and 7.2ºC of evaporation 
temperatures, respectively. The mass flow rate of CO2 hermetic compressor is quite similar than GLY80 
conventional R134a hermetic one. However, the semi-hermetic CO2 presents a higher mass flow rates around 16, 14 
and 10% for the evaporation temperatures of –10, 0 and 7.2ºC, respectively. Despite of this, the semi-hermetic 
compressor still shows a 10% COP lower against conventional R134a compressor, although the same semi-hermetic 
compressor presents a higher COP around 3% and 6% in comparison with R134a conventional compressor at 0ºC 
and 7.2ºC of evaporation temperatures, respectively. In all studied cases, the CO2 semi-hermetic compressor 







International Compressor Engineering Conference at Purdue, July 17-20, 2006 
 
 
C116, Page 6 
 
4.3. Numerical comparative analysis of different two-stage CO2 hermetic compressors. 
The idea of consider a two-stage reciprocating compressor in a trans-critical cycle when carbon dioxide is used as 
fluid refrigerant, specially focussed when low evaporation temperatures are considered (freezing conditions), is 
based on take advantage of reduce the pressure ratio in the compression chamber, obtain a reduced outlet gas 
compressor temperature on the second stage compressor chamber, using an intercooler between the first and the 
second compressor chambers, and improve the compressor electrical motor instead of one-stage compressors. 
 
The next cases presented are obtained considering the outlet evaporator temperature of 32ºC, inlet pressure at three 
different conditions of –10, -23.3 and –35ºC evaporation temperatures, outlet second stage compressor pressure of 
85 bars and an inlet second stage compressor temperature of 32 ºC. Both first and second compressor chambers 
displacement are iteratively considered since both mass flow rate are almost equal, then intermediate pressure is 
obtained variable. Tables 2, 3 and 4 show the numerical results of different cases presenting the optimal choice at 
the three different evaporation temperatures, presenting an improvement on power consumption and COP in 
comparison with the one-stage conventional cases on the first row of each Table. 
 
Table 2. Carbon dioxide trans-critical cycle comparative results at –10ºC. 






 Tout COP  
(C) (cc) (cc) (bar) (bar) (bar) (kg/h) (W) (W) (W)  (-) 
-10.0 1.5  26.487  85 8.67  323 476 135 1.470 
-10.0 1.0 0.7 26.487 40 85 8.25 109.8+149.1 259 453 95 1.749 
-10.0 1.1 0.7 26.487 40 85 8.28 120.9+149.1 270 454 100 1.681 
-10.0 1.1 0.6 26.487 50 85 8.51 160.5+135.2 295 467 81.4 1.584 
 
Table 3. Carbon dioxide trans-critical cycle comparative results at –23.3ºC. 






 Tout COP  
(C) (cc) (cc) (bar) (bar) (bar) (kg/h) (W) (W) (W) (C) (-) 
-23.3 1.5  16.827  85 4.54  285 261 140 0.910 
-23.3 0.9 0.7 16.827 30 85 4.74 83.1+152.8 235 272 106 1.158 
-23.3 0.9 0.4 16.827 40 85 4.42 115.4+108.7 224 254 90 1.134 
-23.3 1.0 0.3 16.827 50 85 4.62 155.5+79.6 235 266 100 1.130 
 
Table 4. Carbon dioxide trans-critical cycle comparative results at –35ºC. 






 Tout COP  
(C) (cc) (cc) (bar) (bar) (bar) (kg/h) (W) (W) (W) (C) (-) 
-35.0 1.5  12.024  85 2.59  241 153 130 0.640 
-35.0 0.9 0.4 12.024 30 85 2.94 92.5+112.2 205 173 96 0.843 
-35.0 0.8 0.3 12.024 40 85 2.47 104.9+87.4 192 146 85 0.760 
-35.0 0.9 0.3 12.024 50 85 2.61 132.3+79.6 213 155 75 0.728 
-35.0 1.0 0.3 12.024 60 85 2.61 160.9+67.5 227 155 63 0.682 
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Numerical results of all cases concludes that two-stage reciprocating compressors present a reduction on power 
consumption due to the decrease on pressure ratios of both compression chambers in comparison with one-stage 
compressor, an important outlet gas compressor decrease and finally a COP improvement from 20% to 15% at –
35ºC and –10ºC of evaporation temperatures, respectively. 
 
The same numerical results show that an intermediate pressure around 40÷50 bars as consequence of the 
compression chambers displacement selected presents the optimum COP in all cases.  
 
Table 2 presents two cases with the same intermediate pressure of 40 bars, changing the volume displacements. The 
second one present lower COP although having a higher low compression volume, due to the mass flow rate is 
limited from the high compression volume, which is the same in both cases. Table 3 shows that the case with an 
intermediate pressure of 50 bars present lower COP than the others and a higher outlet compressor temperature. 
Finally, Table 4 shows that numerical results at –35.0ºC of evaporation temperature presents a better improvement 
in comparison with the other Tables. In the same Table the volumes that determine an intermediate pressure of 60 






A numerical simulation for the thermal and fluid dynamic behavior of hermetic reciprocating compressors is described 
and used to obtain carbon dioxide compressors optimization in order to assure the better efficiency of these compressor 
type against the conventional hermetic compressors for small cooling and/or freezing capacities. An experimental set-
up has been designed and built to experimentally validate the numerical results presented with a reasonable good 
agreement and differences lower than 10% in mass flow rate, power consumption and COP.  
 
The numerical and experimental results presented has concluded the possibilities of one-stage carbon dioxide 
compressors under trans-critical cycle for small cooling capacity applications, while the numerical results of the two-
stage compressors has shown the perspectives of these compressors type for small freezing capacity application under 






COP Coefficient of Performance (-) Tevap evaporation temperature (C) 
smeη  isentropic-mech-elec efficiency (%) V compressor chamber volume (cc) 
vη  volumetric efficiency (%) wcp specific compression work (kJ/kg) 
m&   mass flow rate (kg/h)  power consumption  (W) 
eW&
pev evaporator pressure (bar) Π  pressure ratio  (-) 
pgc gas cooler pressure (bar)  
pint  intermediate pressure (bar) Subscripts 
 cooling capacity  (W) i         inlet section evapQ&
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